New experimental and computational approaches to interpret orientation and intensity of natural remanent magnetization (NRM) carried by lamellar magnetism are applied to historic magnetic measurements on a collection of 82 massive hemo-ilmenite samples from the Allard Lake District in the Grenville Province, Quebec. The anisotropy of magnetic susceptibility (AMS), together with declination and inclination of NRM, indicate a systematic deflection β of the NRM vector away from the unit vector v that represents the Mesoproterozoic magnetizing field direction. The deflection β is caused by a statistical lattice-preferred orientation (LPO) of the individual (0001) basal planes, to which the NRM is confined in hemo-ilmenite crystals. Here, we study a second deflection ψ that is the angle the NRM makes with the statistical (0001) basal plane of the crystal assemblage, in relation to the angle α between the statistical (0001) basal plane and v. The relation between these two angles depends on the scatter of the distribution of crystal platelets, which also influences the AMS of the assemblage. For a Fisher distribution of basal planes, the distribution parameter K can be determined from ψ and α. It is then further possible to infer the single-crystal anisotropy of individual platelets. Typical crystals of hemo-ilmenite turn out to have a relatively weak AMS so that samples with a narrow Fisher distribution of platelets nevertheless can have a weak AMS. This has been confirmed in two samples by measurement of the (0001) basal plane distribution of crystals using electron backscatter diffraction, and in one of these two samples by measuring AMS and NRM of a single hemo-ilmenite crystal. Based on our estimated K values for selected samples, we calculate values of β, NRM intensity and ψ for any value of α. These data provide striking examples of the influence of the orientation of the crystal LPO on the intensity of lamellar magnetism, and explain the large variation of observed NRM intensities by varying orientation with respect to the magnetizing field, without requiring large variations of the paleomagnetic field intensity. This relation between NRM and LPO is also important for anomaly interpretation in areas with strong foliation.
tallography upon direction and intensity of remanent magnetization, and magnetic susceptibility is a worthy subject of exploration for its own sake on the road to new understanding, which may have unforeseen applications in other fields, for example, planetary magnetism.
Lamellar magnetism and Lac Tio hemo-ilmenite
The magnetic properties of igneous and metamorphic rocks containing ilmenite with hematite exsolution lamellae (hemo-ilmenite) and hematite with ilmenite exsolution lamellae (ilmeno-hematite) (McEnroe & Brown 2000; McEnroe et al. 2001 McEnroe et al. , 2002 McEnroe et al. , 2007a have been found to result from an interface phenomenon called lamellar magnetism (Harrison & Becker 2001; Robinson et al. 2002 Robinson et al. , 2004 Robinson et al. , 2006a . The samples are characterized by strong and very stable remanent magnetization, resulting from uncompensated spins provided by magnetically interacting contact layers on two sides of nanometre-scale exsolution lamellae. The NRM is likely produced at the moment of creation of interfaces during exsolution within the thermo-chemical region where CAF hematite is stable (Robinson et al. , 2004 Fabian et al. 2008) . Hence, it is rather a chemical than a thermal remanent magnetization. The NRM intensity is proportional to the total area of exsolution interfaces, thus enhanced by very fine-scale exsolution (McCammon et al. 2009 ). Short-term thermal demagnetization experiments show that the magnetization is lost at approximately the Neél temperature of hematite lamellae. The NRM is highest in a crystal, when the moments of all lamellae are aligned (in-phase) in one direction along a single one of three possible sub-lattice directions in the basal (0001) plane, and can approach zero, when the moments are equally distributed (out-of-phase) in either direction along any of the three sub-lattice directions.
Collaboration with Hargraves on the Lac Tio hemo-ilmenite led to the hypothesis that in addition to external-field intensity, the intensity of the lamellar NRM is also controlled by the orientation of the (0001) basal planes of the rhombohedral-oxide crystals with respect to the magnetizing field during exsolution (Robinson et al. , 2004 . In-phase lamellae are energetically favourable when the field is parallel to (0001) so that the lamellar moment is aligned with the external field. In contrast, when the magnetic field is oriented normal to (0001), it cannot favour in-phase lamellae. In fig. 9 of Hargraves (1959a) , corresponding to the black symbols in Fig. 1 , there is a negative correlation between NRM intensity and the angle between the statistical (0001) basal plane and the magnetizing field direction. The orientations of the basal plane were determined statistically using AMS, where the minimal susceptibility k 3 in these rhombohedral oxides is parallel to the c-crystallographic axis, and the largest susceptibility eigenvalues k 1 and k 2 are measured parallel to (0001) (see Hrouda et al. 1985) . These relationships were confirmed later for exsolved crystals of hemo-ilmenite, using a combination of electron backscatter diffraction (EBSD) and AMS (Robinson et al. 2006b ).
G E O M E T R I C R E L AT I O N S I N H E M O -I L M E N I T E C RY S TA L S A N D A S S E M B L A G E S
Here, the data of Hargraves (1959a,b) are presented, together with new measurements, to focus systematically on the relationship between NRM and AMS, which is essential for comparison with our theoretical considerations developed below. (0001) and magnetizing field. This plot includes all data and is a follow-on to the original figure of Hargraves (1959a) .
Magnetic relationships in single crystals
Single crystals from sample 36b were isolated by first identifying locations on polished front and back surfaces of a 0.6-cm-thick slab using EBSD, see Robinson et al. (2006b) also Fabian et al. (2011) . Those locations were selected which showed the same, or nearly the same, crystallographic c-and a-axis positions on both sides. Six cores of diameter 5 mm were drilled from selected sites. Of these only one showed excellent coincidence of the front and back crystallographic axes. For this core (crystal #19), the relationships are illustrated in an equal area diagram in Fig. 2(a) . The points labelled cf and cb are the c-axis locations on front and back surfaces, respectively, whereas a1f, a1b, a2f, a2b, a3f and a3b are the a-axis locations on front and back. The AMS was measured, including intensities and the orientations of the three axes of the AMS ellipsoid. The k 3 -axis of minimum susceptibility coincides closely with the c-axis determined by EBSD, whereas the plane of the k 1 -and k 2 -axes corresponds closely to the (0001) basal plane containing the a-axes. The plot shows that the NRM of crystal #19 lies exactly in the k 1 − k 2 plane determined by its AMS, very close to the k 2 -axis of the AMS, and only a few degrees from the a 2 -axes determined by EBSD. A polished surface was cut through the crystal at an angle normal to the (0001) basal plane and also parallel to the NRM direction in that plane. Fig. 2(b) is an electron backscatter image of the polished surface. The arrow of the NRM vector contained in the polished surface lies parallel to the (0001) lamellar interfaces. axes of the susceptibility ellipsoid, which is normal to the k 0 3 -axis. The vector n 0 denotes the direction of the c-axis of the individual crystal in space. In polycrystalline assemblages, a statistical (0001) basal plane is defined by the mean k 1 -and k 2 -axes and a statistical c-axis lies along the k 3 orientation normal to it. Fig. 3(b) shows the geometrical relationships of a polycrystalline assemblage consisting of many crystals with different orientations. Together, the vector n gives the direction of the statistical c-axis in space, and a Fisher parameter K describes the scatter of individual c-axes, shown as black points on the top surface of the sphere in Fig. 3(b) . In natural samples, the platelet orientations could be systematically folded about an axis parallel to the statistical (0001), with k 1 parallel to the fold axis and the weaker k 2 normal to the fold axis (Siemes et al. 2000) . Then the c-axes distribution is triaxial, and hence, the AMS ellipsoid is a triaxial ellipsoid, where the susceptibility k 3 would have a higher value. Here, because the observed AMS nearly always has oblate character, it is a good approximation to assume a circular Fisher distribution, where all the k 0 3 attitudes of the illustrated platelets are symmetrically disposed about n.
Individual crystals versus crystal assemblages
Appendix B considers the possibility that the NRM is constrained crystallographically within the basal plane, destroying circular symmetry, as may be implied in Fig. 2(a) . However, it is found that this effect is small and generally averages out in polycrystalline assemblages. Hargraves (1959a) originally reported data in cgs units. Later remeasurements by Hargraves, that he provided to us, and new measurements by McEnroe et al. (2007b) in SI units are combined with the remaining historic NRM and AMS values, which were transformed into SI units (see Appendix A). AMS ratio plots are unaffected by units. Table 1 contains Hargraves' NRM and AMS  data, either original or transformed. Table 2 contains AMS ellipsoid axial ratios and our own angular measurements derived from orientation data in Table 1 .
Unit transformation

NRM intensity compared to magnetic susceptibility
Originally we were concerned about the effect on susceptibility, caused by the presence of minor magnetite in some samples, and about further effects of magnetite on magnetic intensity and anisotropy of susceptibility. However the final analysis showed that for those samples with the highest susceptibility, magnetite contributes little to the anisotropy of the AMS and the NRM. For some samples with intermediate susceptibility, as indicated by the mean valuē
there is an increase in AMS (discussed in Section 2.6), but this increase only enhances the AMS in directions entirely compatible with the AMS of polycrystalline hemo-ilmenite. Magnetite has no significant magnetocrystalline anisotropy. Therefore, if a small amount of magnetite enhances AMS, it is likely a shape anisotropy. One possibility is that small amounts of magnetite are distributed between the oriented plates of ilmenite to produce a magnetite shape anisotropy that is parallel to the hemo-ilmenite magneto-crystalline anisotropy. Another possibility, documented in reflected-light images (Fig. 4) , is that some ilmenite contains high-temperature reduction-exsolution lamellae of magnetite parallel to (0001) that preceded standard exsolution of hematite from ilmenite, thus enhancing the hemoilmenite anisotropy. This texture appears to be related to samples with large amounts of pyrite. Fig. 5 is a plot of NRM intensity (transformed to A m −1 ) versus magnetic susceptibility as expressed by thek of the AMS. Altogether there are only six samples with k > 0.048 SI and not one has high NRM intensity. Within the samples with lowerk, there are 10 with intensities >90 A m −1 . Of these four havek > 0.016 SI, and the remaining six, all with intensities >100 A m −1 , havek < 0.016 SI. This figure ends speculation that high NRM intensity is related to high susceptibility. To the contrary, samples with the highest NRM's are those with low susceptibility. Fig. 6 shows the axial ratios of the AMS ellipsoids for all samples on a modified Flinn diagram (Flinn 1962) . The ratio k 2 /k 3 is the ratio of the intermediate axis to the short axis; the ratio k 1 /k 2 is the ratio of the long axis to the intermediate axis. Nearly all of the ellipsoids are oblate, indicating a significant ratio k 2 /k 3 in the range of 1.2-4.2, coupled with a small ratio k 1 /k 2 ranging from 1 (a perfect oblate spheroid with nine examples) to only slightly less than 1.5. A line at a ratio of 1:1 is the boundary between oblate and prolate fields, and all but two samples plot in the oblate area. These two samples may be examples of the 'folding' described in connection with Fig. 3(b) above. Table 1 . Measurements of NRM intensity, declination and inclination, declination and inclination of k 3 -axis of the AMS ellipsoid, k 1 , k 2 , k 3 values of AMS and mean k of the AMS. GC) ). Grey shading indicates the more limited range of values for 55 samples after quality assessment. Note that for AMS values below 1.2, NRM's are not very strong, but there is a rapid increase in intensity reaching a maximum at k 2 /k 3 values of only 1.4-1.5, after which, with rare exceptions, intensity falls with rising AMS, and the seven samples with k 2 /k 3 > 3 have low intensities. This figure supports statements by Hargraves (1959b Hargraves ( , p. 1575 ) that NRM intensity in the Lac Tio samples is mainly a function of orientation of the statistical (0001) basal planes with respect to the magnetizing field and that it is not a function of degree of LPO as concluded by Carmichael (1959) . (0001) lacked by the magnetite. A magnetic shape anisotropy of the lamellae of magnetite can be added to the magnetocrystalline anisotropy of hemo-ilmenite in samples with an intermediate susceptibility indicative of a small amount of magnetite. Textural relationships suggest the magnetite likely formed during an early, localized, reductionexsolution, followed at lower temperature by normal exsolution of coarse hematite, then mutual fine exsolution at still lower temperature. Hargraves noted that magnetite was commonly associated with pyrite in these samples. enhance magnetic anisotropy of polycrystalline assemblages of hemo-ilmenite.
Anisotropy of magnetic susceptibility: anisotropy ellipsoids
Magnetic intensity versus anisotropy of susceptibility
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Magnetic anisotropy versus magnetic susceptibility
C RY S TA L A S S E M B L A G E P RO P E RT I E S R E L AT I V E T O M A G N E T I Z I N G F I E L D
General features
To here we have considered solely intrinsic properties of individual samples. Now we also include properties related to the orientation of the external magnetizing field at the time the lamellae were magnetized. Fig. 9 shows geometrical relationships. The grey plane is the statistical (0001) basal plane of the assemblage, as determined by the k 1 − k 2 plane of the AMS, or by a plane normal to the k 3 -axis. The vector n represents the orientation of the statistical c-crystallographic axis of the assemblage, here determined by the k 3 -axis of the AMS. The angle ψ represents the deviation of the NRM from the statistical (0001) basal plane of the assemblage. It is related to the orientation of the magnetizing field, represented by the unit vector v, and its intensity H, during the magnetization process with respect to the statistical basal plane, as shown in Fig. 10 . The vector v is at the angle α to the basal plane, and at the angle β to the NRM. Theoretically, if the crystal assemblage has circular symmetric scatter (an oblate spheroid), which would be indicated in the AMS by k 1 = k 2 (k 1 /k 2 = 1.00), then n (indicated by k 3 ), v and the NRM vector lie on the same great circle (GC)
, indicating a triaxial AMS ellipsoid, then it is possible that v will not lie on the GC connecting k 3 -axis and the NRM (see Appendix B). In natural samples, such a discrepancy could also be due to sample misorientation, measurement error, or to an error in the determination of the magnetizing field v. Thus, a measure of the angle (v, GC) (Table 2 ) is a useful indicator of how well results fulfill ideal relationships.
The deviation angle ψ of the NRM from the statistical (0001) basal plane is also related to the strength of the LPO as expressed by k 2 /k 3 , being smallest for a strong LPO and largest for a weak LPO (see Fig. 11 below) . Some samples show a deviation angle ψ that is in the opposite direction with respect to the basal plane from the direction of the magnetizing field, v. In these cases, ψ is expressed as a negative angle in Table 2 . Such results, not compatible with theory, are likely due to sample misorientation, or measuring errors. However, in situations where the magnetizing field v is nearly parallel to the (0001) basal plane and/or where the k 2 /k 3 anisotropy is large, a small negative deviation could be a result of only very minor discrepancies between k 3 and NRM measurements. Such samples do not constitute a significant violation of the concepts presented here. Although the magnetizing field is not an inherent property of the crystal assemblage, the orientation of the NRM in each sample is a product of the field orientation v.
A simple model for a crystal assemblage of fixed LPO
Before deriving a more abstract mathematical description based on Fisher statistics in Appendix C, Fig • either side of the mean. Each crystal has a synthetic NRM related to its angle to the magnetizing field (large vertical arrows) and proportional to the cosine of the angle between its (0001) basal plane and the magnetizing field, from a value of 1 at 0
• to a value of 0 at 90
• . The small vectors indicate the mean intensities, and values of NRM intensity,α, β and ψ are listed below each model. Part B consists of graphs showing values of β, NRM intensity and ψ for varying values of α from 0
• to 90 • , including results for the seven models in part A.
The following insights can be obtained from Fig. 10 . As the angle α of the statistical (0001) basal plane to the magnetizing field increases, the angle β of the NRM to the statistical basal plane also increases steadily to a maximum value of 68
• for α = 80
• , then drops sharply to zero by α = 90
• . Theoretical considerations in Appendix C show that the peak of β is larger and later for strong LPO's, as in this example, and smaller and earlier for weaker LPO's. As the angle α increases, the intensity of NRM declines slowly, then more rapidly, then slowly again as α approaches 90
• . The steepness of the intensity curve in the centre is related to the LPO strength such that a sample with no LPO would be represented by a horizontal straight line. As α increases, the angle ψ between NRM and the statistical basal plane increases slowly, and only reaches 7.4
• at α = 75
• , but accelerates rapidly from α = 80
• on. For samples with a weaker LPO, the increase in ψ is more rapid earlier, and reaches fairly high values earlier, but still is not close 90
• until α itself nearly reaches 90
• . range of anisotropy. As predicted, samples with high anisotropies do not have large deviations, and no sample with k 2 /k 3 > 2.2 has a deviation greater than 20
Deviation of the NRM from statistical (0001) versus anisotropy
• . Highest deviations commonly 40
• -50
• and in two samples 73
• and 80
• are recorded for samples with k 2 /k 3 from 1.3 to 1.7.
Finding the orientation of the magnetizing field
The method used by Hargraves (1959a) was to find the GC normal to the statistical (0001) basal plane also containing the NRM. He then postulated that the statistical magnetizing field should lie at the location with the highest density of intersections of these GCs.
Hargraves (1959a) located the statistical peak of intersections for 49 Lac Tio hemo-ilmenite specimens at declination 73
• and inclination 72
• in the lower hemisphere. Later, using a more mathematical approach, Hargraves & Burt (1967) determined a local field vector for the same specimens with declination 47.9
• and inclination 83.3
• . We used this value for all our subsequent angular measurements. To give the flavour of the Hargraves (1959a) graphical approach, Fig. 12(a) shows the poles to the same GCs that we determined independently in our evaluation of all 80 samples, excluding the two with normal polarity. In Fig. 12(b) all GCs are plotted with their 3160 intersections. We used the program cylindrical best fit, which creates a statistical triaxial ellipsoid based on the poles to the GCs. For this example, the lengths and the declinations and inclinations for the axes of the ellipsoid based on a unit sphere are: L 0.5001, Decl. 202 Fig. 12(a) . The location of the maximum abundance of GC intersections (Beta) should lie at the location of the minimum of locations of poles to the GCs, in this case at the ellipsoid axis with declination 74.0
• , inclination 86.8
• . Although this value appears numerically very different from the value 47.9
• and 83.3
• of Hargraves & Burt (1967) , it differs from the later by only 4
• , even though the input is different. When we applied cylindrical best fit to the same 49 Lac Tio hemo-ilmenite specimens, we obtained a direction 64.1
• , 79.8
• . This is identical to a conventional remanent magnetic vector at 64.6
• , 80.1
• determined by Hargraves & Burt (1967) for 21 Lac Tio ilmeno-hematite-bearing anorthosite samples, providing good support for the basic assumptions.
Assessment of sample quality
Earlier we indicated that in an ideal crystal assemblage with the LPO of an oblate spheroid, the magnetizing field v should lie on a GC containing k 3 , the pole to the statistical basal plane, and the NRM (see Appendix B).
We have measured the angle that v makes with the GC ( (v, GC)) and have used this angle as one means of sample classification. The angle (v, GC) was plotted against anisotropy k 2 /k 3 . The effects of AMS ellipsoids with significant triaxial character and likely error in sample orientation or measurement were assessed. The angle (v, GC) was also plotted against susceptibilityk. The value ofk can be used to estimate volume concentration c mt of magnetite as
where k hi and k mt are the magnetic susceptibilities of pure hemoilmenite and magnetite, respectively. Using the approximative values k hi ≈ 0.007 SI and k mt ≈ 3 SI, we obtain estimates for c mt which are sufficient for classification of the samples but still contain minor error sources (e.g. minor silica content of the ore sample). Six samples show susceptibilities implying magnetite concentrations c mt > 2 per cent. Because we are most interested in examining the behaviour of samples dominated by the lamellar magnetism of hemo-ilmenite with minor or no magnetite, we used this figure to delineate samples with low (v, GC) < 15 and susceptibility implying low c mt . For (v, GC), we have used a natural break at 15
• . For susceptibility, we made two selections. A more stringent group A has 28 samples, of which 17 havek < 8 mSI implying 0 ≤ c mt ≤ 0.025 per cent, and the remaining 11 have 8 mSI <k < 13.5 mSI giving a maximum c mt of 0.2 per cent. A broader group B of 27 samples has 13.5 mSI <k < 44 mSI implying 0.2 < c mt < 1 per cent. The group selections are listed in Table 2 and the groupings A and A+B are used for more selective plots in several figures.
Equal area diagrams of selected samples
The above numerical discussion of sample features is best visualized by examining equal area diagrams of the relationships in individual samples. Six of an original 25 diagrams are shown in Fig. 13 . They illustrate routine features, and some of the problems of interpretation. Each has (v, GC) with low susceptibility in group A or B. The six diagrams are arranged in order of decreasing k 2 /k 3 .
Plots of properties following quality selection
For the samples in group A, magnetite plays essentially no role. Group B samples contain minor magnetite, but we believe that magnetite does not confuse their AMS relationships, and does not notably influence NRM intensity. Fig. 14 shows the angle β of the NRM to the magnetizing field v versus the angle α between the statistical (0001) basal plane and v for samples in combined groups A + B. This diagram is exactly parallel to Fig. 10(b) , part 1. The angle β is theoretically zero in samples with no anisotropy. For samples with high anisotropy and angles α of 70
• -80
• , it reaches a maximum, but then again drops to 0
• at α = 90
• . It was the effect of this angle that required Hargraves (1959a) to make his constructions to determine the declination and inclination of the magnetizing field.
The two parts of Fig. 15 show NRM intensity versus α, exactly in parallel with Fig. 1 , and also Fig. 10(b) , part 2. Fig. 15(a) only shows the more stringent selection group A, while Fig. 15(b) includes the broader range of groups A and B. In both parts, the Lac Tio samples show a distinctive negative slope, but with the two normal-polarity samples 35aN and 35bN as outliers on the upper intensity side. Compared with Lac Tio, the Lac Ellen and Lac Allard samples have much higher intensities. We believe that this is due to either composition, or cooling history. None of the Lac Ellen-Lac Allard group has a value of α less than 45
• , so one of our objectives is to evaluate the potential magnetic intensity for similar crystal assemblages oriented more favourably with respect to the magnetizing field. The theoretical calculations in Appendix C allow estimation of NRM intensity for any value of α.
The two parts of Fig. 16 show deviation ψ of the NRM from the statistical (0001) basal plane versus α. Fig. 16(a) is for the more stringent selection (group A), while Fig. 16(b) is for the broader range (groups A +B). When the angle α is large, then the capability to pull the NRM away from the basal plane is large, giving a significant angle ψ, especially for low anisotropy k 2 /k 3 . When the angle α is small, then the capability to pull the NRM away from the basal plane is small, giving a small angle ψ, especially for large k 2 /k 3 > 1. The solid diagonal line in both parts illustrates the general limit of deviation ψ for varied α in samples from the Lac Tio deposit. One sample (26b) in Fig. 16(a) and two in Fig. 16(b) violate this limit. The problem of sample 26b has already been illustrated in Fig. 13 . Note that the deviation limit for Lac Tio samples is seriously exceeded by GR118a and GR118b, which have moderate susceptibility, low anisotropy and low to intermediate NRM intensity.
N R M A N D A M S O F A F I S H E R -D I S T R I B U T E D A S S E M B LY O F P L AT E L E T S
We have investigated theoretical considerations needed to develop a quantitative understanding of the connections between (1) the AMS of the individual crystals, σ
the AMS of the natural crystal assemblages, σ = k 3 /k 1 , (3) the NRM deflection angle β with respect to the external field and (4) the NRM deflection angle ψ from the (0001) basal plane. These considerations, with development of a series of equations, relating these properties to Fisher distributions (K) of orientations of individual crystal platelets, are presented separately in Appendix C. The results, highly pertinent to our overall study, are then applied to create graphic interpretations of relationships in Section 6.
F I S H E R D I S T R I B U T I O N O F C -A X E S C O M PA R E D T O A M S
In Appendix C, we showed that there is a correlation between the Fisher distribution K of c-crystallographic axes in a crystal assemblage and the magnetic anisotropy of individual crystals. The deviation angle ψ is a function of K in Appendix C (Fig. C3) , and it is also a function of k 2 /k 3 (or k 1 /k 3 for circular distributions) as (Fig. 15 a) . (Fig. 11) . The comparatively high NRM at 82.1 A m −1 and results for companion sample 35aN suggest that a warming and cooling event, associated with the pegmatite intrusion, provided a thermal window for added exsolution in a normal magnetic field and development of this stronger NRM. Because of the very low susceptibility, this normal overprint is not associated with magnetite. (e) Sample Le7b with (v, GC) = 7 • has low k 2 /k 3 = 1.46 and very lowk = 0.031. Its NRM is fairly close to (0001) with ψ = 13.9 • for α = 58.3 • (Fig. 16  a) . Typically ψ is lower for the Lac Ellen-Lac Allard samples. The NRM at 120 A m −1 is the highest reported here, even though α is large. The large NRM is consistent with other Lac Ellen-Lac Allard Group samples, implying strong lamellar magnetism. Our model predicts that for small α, these samples might have acquired NRM's over 200 A m −1 . (f) Sample 36a with (v, GC) = 1 • has low anisotropy k 2 /k 3 = 1.30 and very low susceptibilityk = 0.029. The NRM is ψ = 47.0 • from (0001), consistent with α = 83.3 • and with the low anisotropy (Fig. 7) . The NRM at 22.5 A m −1 is at the lower right end of the envelope (Figs 15 a and b) for ordinary samples from the Lac Tio Group.
in Fig. 11 . An important outcome of these comparisons is to show that the ratio k 0 1 /k 0 3 of individual crystals is not large. A consequence of this is that a low anisotropy of the AMS can reflect a very strong Fisher distribution of c-axes. We have made a test of this by measuring the real distribution of c-axis orientations in samples Le7b and 36b by EBSD, and then calculating the AMS from these distributions using the single-crystal AMS data provided by single crystal #19 extracted from sample 36b. The details of this aspect of the study are presented separately in Appendix D.
E X T R A P O L AT E D P RO P E RT I E S O F N AT U R A L C RY S TA L A S S E M B L A G E S
Using the equations in Appendix C, relating NRM and the AMS of generic assemblages of hemo-ilmenite platelets, it is possible to calculate properties of given assemblages of platelets based on selected samples, where the properties change as a result of a different angle α of the statistical (0001) basal plane to the magnetizing field v. The properties we have chosen to calculate are β, the angle the NRM makes with the magnetizing field v (Fig. 17) ; the NRM intensity in A m −1 (Fig. 18) ; and ψ, the angular deviation of the NRM from the statistical (0001) basal plane (Fig. 19) .
By selecting samples showing the best angular relationships and the lowest susceptibility, we focus on the hemo-ilmenite lamellar magnetism. The resulting curves were calculated using the function y that derives from ψ and α according to eq. (C10) in Appendix C. Values of ψ and α and calculations of y are given in Table E2 of Appendix D.
Values of y and curves in Figs 17-19 are independent of the measurements of AMS except to the extent that AMS was used to determine the location of the statistical (0001) basal plane. The relationship of the results to the Fisher parameter K is discussed in Appendix C with related Fig. C1 , and K can be calculated for individual values of y as illustrated in Fig. C2 .
For the collection from the Lac Tio Deposit, there is a wide range in initial values of β, NRM and ψ for different values of α. We chose four samples, 33a, 35aN, 86a and 36b. Much is known in detail about sample 36b (McEnroe et al. 2007b) , including recently acquired EBSD data reported in Appendix D. The collection from the Lac Ellen-Lac Allard deposits is more limited in number, and in spread of values. However, the available data show that the Lac EllenLac Allard samples have consistently low susceptibility and strong NRM. We attribute the high NRM to more favourable conditions for the development of strong lamellar magnetism, probably related to slightly different cooling conditions that produced abundant very fine exsolution lamellae of ilmenite within large primary hematite exsolution lamellae. For this group, we chose samples Le64b, Le7a, Le7b, La152a and La152b. Sample Le7b has the very strongest NRM, and the new EBSD data on it can be tied to the AMS results as in Fig. D1 of Appendix D. Finally, we selected sample Nwa221b from the weakly magnetic Northwest Arm Group. Fig. 17 shows extrapolations of β against α. The graphical arrangement is based on part 1 of Fig. 10(b) and on Fig. C3 in Appendix C, and the plot of data points in Fig. 14. From Fig. 10(b) and Fig. C3 in Appendix C, it can be seen that the value of β must be 0 for α = 0 and α = 90
• , but the trajectory follows low values when the Fisher distribution K is weak, and high values when it is strong. Table E2 shows values of K representing each sample and the trajectory upon which it lies in Fig. 17 . This figure contains the justification for the method used by Hargraves (1959a) to locate the Proterozoic magnetizing field. the plot of data points in Fig. 15(a) . From Figs 10(b) and 15(a), it can be seen that the intensity of the NRM will be lowest for α = 0 and highest for α = 90
• consistent with the external force hypothesis (Robinson et al. 2004) . The trajectory of each sample is flattest near α = 0
• and α = 90
• . The steepness between is a combined function of the intensity potential of the sample and the calculated Fisher distribution K of the crystals (Table E2 ).
In Fig. 18 , sample Nwa221b shows the weakest NRM and a relatively flat slope with an NRM below 5 for α = 90
• and only 9 for α = 0
• . The reversed Lac Tio samples 33a, 36b and 86a have steeper slopes with NRM's 3-25 for α = 90
• and 65-95 for α = 0
• . The Lac Ellen and Lac Allard samples Le7a, Le7b, Le64b, La152a and La152b are in a more magnetic class with yet steeper and magnetic intensity, and which he emphasized in support of the lamellar magnetism concept (Robinson et al. , 2004 . Fig. 19 shows extrapolations of ψ against α. The graphical arrangement is based on part 3 of Fig. 10(b) , and the plot of data points in Fig. 16(a) . From Figs 10(b) and 16(a), it can be seen that the value of ψ must be 0
• for α = 0 • and 90
• . In between, the trajectory would follow a straight line when the Fisher distribution K approaches zero, and more strongly curved trajectories when the Fisher distribution K is strong (see Table E2 ), for example, the 
C O N C L U S I O N S
Magnetic measurements originally made by Hargraves (1959a,b) on a collection of 82 massive hemo-ilmenite samples from the Allard Lake District, Quebec, have been re-assessed, using new experimental and computational approaches, with respect to the origin and intensity of lamellar magnetism, leading to the following insights and conclusions:
(i) The original measurements of orientation of AMS, and declination and inclination of natural remanent magnetism (NRM), indicated a deflection β of the magnetic vector away from the orientation of the Mesoproterozoic magnetizing field v, caused by LPO, in particular the statistical (0001) basal plane, to which the NRM is confined in single crystals.
(ii) A second deflection ψ that is the angle the NRM makes with the statistical (0001) basal plane of the crystal assemblage was determined.
(iii) Combining ψ with α, the angle of the statistical (0001) basal plane with the magnetizing field v, it is possible to calculate a function y that is equivalent to K, the Fisher distribution of crystal platelets.
(iv) By using k 3 /k 1 from the AMS measurements, it is possible to calculate k 0 3 /k 0 1 , the single crystal anisotropy of individual platelets. This showed that typical crystals of hemo-ilmenite have a relatively weak AMS so that even samples with a very narrow Fisher distribution K of plates nevertheless can show a correspondingly weak AMS.
(v) Measurements of (0001) basal plane distributions using EBSD were made in two samples, 36b and Le7b. Measurements of the AMS and NRM of a single extracted hemo-ilmenite crystal from 36b confirm the above conclusion. • . These results provide striking examples of the influence of the external force of the magnetic field with respect to the orientation of the crystal LPO, at the time magnetization was acquired, in determining the intensity of NRM.
A C K N O W L E D G M E N T S
Ann M. Hirt, ETH, Zürich, kindly provided the NRM and AMS measurements of the extracted single hemo-ilmenite crystal from sample 36b as part of another project, for which we previously obtained the crystallographic orientations by EBSD (Fig. 2 A) . Hubert Schulze, BGI, Bayreuth, used the information in Fig. 2(a) to prepare a polished surface precisely oriented normal to the (0001) basal plane and containing the NRM that is shown in Fig. 2(b) . Valeriy Shcherbakov, Geophysical Observatory of the Russian Academy of Science, Borok, provided his calculation of the magnetic susceptibility of FeTiO 3 . This permitted us to calculate a value for magnetitefree Allard Lake hemo-ilmenite used in Section 3.5. Tullis Onstott, Princeton University, searched unsuccessfully there for additional orientation information on Hargraves samples from Allard Lake. To each of these persons and institutions, we extend our grateful acknowledgment.
A P P E N D I X A : C O R R E C T I O N O F N R M D ATA
Some of Hargraves' Allard Lake samples, first studied in 1959, were re-examined by Hargraves in the 1980's and others by McEnroe in 2001 McEnroe in -2003 . Re-examination indicated that the NRM values reported in cgs units in the 1959 paper and thesis were too small by Table A1 .
A P P E N D I X B : C O N S E QU E N C E S O F B A S A L P L A N E A N I S O T RO P Y F O R D E T E R M I N I N G T H E M A G N E T I Z I N G F I E L D
A crystallographically controlled positioning of the NRM within the basal plane of single crystals can provide situations where the GC containing the c-axis (and k 3 -axis of the AMS) and the NRM of a specimen does not pass through the vector of the magnetizing field v. To the extent that this is true, it would violate the prescriptions used by Hargraves (1959a) to locate the magnetizing field. For purpose of discussions, consider a hemo-ilmenite crystal similar to the one in Fig. 2 , where the NRM seems to be constrained to one of the crystallographic a-axes and also to the k 2 -axis of the AMS. A corresponding constraint appears to be present in a hematite single crystal studied in detail by Fabian et al. (2011) . Related results are reported by Guerrero-Suárez & Martin-Hernandez (2012); Martin-Hernandez & Guerrero-Suárez (2012). However, in hematite, the spin-canted NRM vector would bisect the angle between two a-axes. Robinson et al. (2006b) speculate that the NRM orientation of lamellar magnetism could be a compromise between uncompensated spins at lamellar interfaces parallel to a-axes and the spin-canted component of hematite bisecting the angle between those axes.
First consider a crystal positioned so that a crystallographically constrained NRM lies on GC containing the k 3 AMS axis (crystallographic c-axis) and the magnetizing field vector v as in Fig. B1(a) . This crystal fulfils the Hargraves prescription in spite of the constraint. Now consider where the same crystal is oriented so that the NRM is oriented 30
• away from the previous position as in Fig. B1(b) . Here, the GC containing the NRM and k 3 -axis will not pass through magnetizing field vector v, except in the special case where k 3 is parallel to v. The angle between GC and v will increase as the angle between v and k 3 increases until they are perpendicular, where the angle of GC to v reaches a maximum at 30
• . This would be a serious problem if finding the orientation of paleomagnetic v depended on a single crystal; however, specimens are composed of hundreds of crystals with varying orientations and this mitigates the problem.
As an initial approximation, consider an assemblage of crystals with a strong orientation of c-axes, but random orientation of aaxes. Quite obviously this would eliminate the problems related to the single crystals, providing a circular anisotropy that completely fulfills the Hargraves criteria. However, the single-crystal difficulties could be retained if the deformation mechanism, about which little is known, also created a preferred orientation of a-axes, the NRM and k 2 in the basal plane. Examination of the two equal area diagrams in Fig. D1 , showing the distributions of a-axes in samples Le7b and 36b, suggests that this may be true at least in these two samples, though a degree of scatter along the basal plane provides a tendency toward circular distribution. Consider two examples with tight a-axis distributions. In example A, despite the anisotropy, the NRM lies exactly on the GC containing k 3 and the magnetizing field vector v. The Hargraves criteria are still fulfilled. In example B, the NRM lies about 30
• on either side of the position in example A so that the GC containing k 3 and an NRM would have a maximal angle from v, and poor adherence to the Hargraves criteria among the single crystals. However, if the alignment is somewhat imperfect in the assemblage, with some crystals 28
• -29
• one way and others 28
• the other from the average 30 • position, each group will provide fairly large deflections, but in opposite directions. Here, opposite deflections of the GC planes will be averaged out, resulting in little or no overall deflection, as prescribed by Hargraves.
Above we described one way to obtain a triaxial anisotropy ellipsoid in an assemblage of hemo-ilmenite platelets. Another likely process is folding of the foliation (Siemes et al. 2000) . In such an example, the k 1 -axis would lie parallel to the fold axis, the k 2 -axis would be a statistical average of multiple variably oriented basal planes, and the k 3 -axis will be a similar average of variably oriented low-susceptibility directions normal to basal planes. In such an arrangement, k 1 could be slightly less than that of a relevant crystal, k 2 would be lower and k 3 would be higher.
To test this, we sorted the 80 specimens into three groups: I-8 (10 per cent) where k 1 = k 2 indicating a perfectly circular ellipsoid totally fulfilling the Hargraves criteria; II-53 (66 per cent) with k 1 /k 2 in the range of 1.01-1.09 indicating ellipsoids that are not far from circular; and III-19 (23.8 per cent) with k 1 /k 2 > 1.09 indicating significantly triaxial ellipsoids. We hoped to evaluate results from some of the most triaxial examples, but that was impossible because Hargraves never recorded inclinations and declinations of k 1 and k 2 AMS axes, only k 3 . We did perform paleomagnetic tests, using the above three groups, also the same groups narrowed to the A and B quality classes described elsewhere. We reasoned that, if specimens, with significant basal plane anisotropy in their statistical AMS ellipsoids, do, in fact, seriously bias the determined magnetizing field direction v, then that would show up.
Geometric results on hemo-ilmenites were as follows: 80 as plotted in Figs 12(a) and (b)-74.0
• , 86.8
• ; 49 Lac Tio-64.1
• ; 8 Group I k 1 /k 2 = 1.00-111.8
• , 83.6
• ; 6 Group I A+B k 1 /k 2 = 1.00-79.8
• , 80.0
• , 82.9
• ; 11 Group III A+B k 1 /k 2 ≥ 1.09-43.0
• , 80.4
• ; 26 Class A-34.9
• , 81.2
• . Although the declinations seem variable, with such high inclinations, angular differences are very small, and only 256.0
• is more than 10
• outside the group. We also list four conventional remanent vectors from Hargraves & Burt (1967): Lac Tio anorthosite-64.6
• ; Lac Allard -MacRae norite (6.5 km from Lac Tio) -146.9
• , 83.8
• ; Grader norite (3 km from Lac Tio)-115.7
• , 77.2 • ; Puyjalon anorthosite, norite (5 km from Lac Tio)-131
• , 70
• . The last three may have a different cooling history.
The above discussion and geometric results lead to the following conclusion. A triaxial AMS ellipsoid produced by single-crystal basal-plane anisotropy, or by folding of basal plane foliation in an assemblage of crystals can, in theory, influence the orientations of GC planes used to locate the paleomagnetic vector v, but the effect is small and generally averaged out. In comparison to normal paleomagnetic practice, the Hargraves approach is vindicated.
A P P E N D I X C : N R M A N D A M S O F A F I S H E R -D I S T R I B U T E D A S S E M B LY O F P L AT E L E T S
Here, we present theoretical considerations aiming to develop a quantitative understanding of the connections between 1) the AMS of the individual crystals, σ 0 = k 0 3 /k 0 1 , 2) the AMS of the natural crystal assemblages, σ = k 3 /k 1 , 3) the NRM deflection angle β with respect to the external field and 4) the NRM deflection angle ψ from the (0001) basal plane.
The geometric configuration and terminology is shown in Fig. 9 . To simplify the model, it is assumed that the c-axes of the individual crystals are randomly scattered around a mean c-axis of the assemblage, and that this scatter follows a rotationally symmetric Fisher distribution. Figure C1 . The parameter K of the Fisher distribution determines the scatter of the individual c-axes (black dots) with respect to the statistical c-axis, which corresponds to the z-axis. The panels also report the equivalent y parameter.
C1 Fisher distribution of c-axes
The rotationally symmetric Fisher-distribution of the individual caxes around the axis θ = 0 is defined by
where K ≥ 0 is a concentration parameter and f(θ) denotes the probability to find an individual crystal of the assemblage with tilt angle θ away from the mean c-axis. Each individual axis is represented by its pole (θ, φ) in the upper hemisphere, θ ≤ π/2. Due to rotational symmetry, the distribution f does not depend on φ. Equidistribution occurs for K = 0, while for K → ∞, the distribution approaches a point distribution at θ = 0. The normalization is chosen such that the spherical integral is unity:
To describe an anisotropic assemblage of planar crystals, it is assumed that their c-axes are distributed in this way for some K. The fraction of c-axes in the spherical cap of angle θ 0 around θ = 0 is then given by
Fig . C1 shows 50 randomly Fisher-distributed points on a sphere (upper hemisphere) for different values of K. Based on the assumptions about the AMS and the NRM acquisition of the individual crystals, it is possible to calculate these two quantities for any crystal assemblage with a chosen distribution of c-axes, described by the scatter parameter K.
C2 Natural remanent magnetization
Assuming NRM acquisition of an individual platelet to be linear with field strength, and to occur only perpendicular to its c-axis, the remanence m 0 acquired by a platelet with individual c-axis parallel to the unit vector n 0 , and maximal moment m
For the rotational symmetric distribution (C1), the NRM lies in the plane spanned by field and statistical c-axis. Without loss of generality, this plane is assumed to be the xz-plane. Therefore, when the angle between field and statistical (0001)-plane is α (Fig. 9) , and
one obtains for the individual remanence
Integrating this remanence over the Fisher distribution from the previous section yields the NRM of the assemblage
where
decreases from y(0) = 1/3 to 0 for increasing K as shown in Fig. C2 . This result quantifies how NRM strength, and angular deviation between N RM(v) and v depend upon the distribution width K. This relation is simplest for the ratio between the NRM components parallel and perpendicular to the statistical c-axis. Using the angle ψ from Fig. 9 , one obtains
which is solved for y to yield
By numerically solving (C8) for K, one obtains an estimate of the Fisher-distribution width K from the measured angles ψ and α. For the assumed case, where the NRM vector lies in the plane spanned by field and statistical c-axis (see Fig. 9 for geometry). Fig. C3 shows the theoretical dependence of the measured angle β = α − ψ on α for different values of K. Figure C3 . Model prediction for the dependence of the angle β between the NRM vector and field direction upon the angle α between field direction and statistical basal plane. When the scatter is large (K = 2), β stays small, indicating that the NRM can align well with the field. When the distribution becomes narrow (K = 100), the angle β at first increases linearly with α, but then drops sharply to 0 • (see Fig. 7 ) when the area of c-axis scatter contains sufficiently many individual axes with more than 90 • deviation from the field direction. Then, the residual NRM can align well with the field by inverse magnetization of these directions.
C3 Anisotropy of magnetic susceptibility
For an individual crystal with c-axis parallel to the unit vector n 0 , the susceptibility has the minimal value k 0 3 parallel to the c-axis, and the maximum value k 0 1 perpendicular to the c-axis. Its susceptibility along the unit field vector v accordingly is
Substituting from (C5), and integrating (C11) over the Fisher distribution of the individual n 0 yields the assemblage susceptibility as a function of α
This expression describes an anisotropy ellipsoid with minimal susceptibility k 3 along the assemblage c-axis θ = 0, and maximal susceptibility k 1 in the statistical (0001) basal plane. For the corresponding values
one has the intuitively obvious relations k 1 ≤ k 0 1 and k 3 ≥ k 0 3 .
C4 Analysis of the result
Eqs ( 
Assuming that y is known, for example, from (C10), this allows determination of σ 0 from σ and y by
Substituting (C10) into (C15) yields a relationship connecting AMS ratios and deflection of NRM. This equation links the NRM measurements, which allows estimation of y, to the independent AMS data to predict the intrinsic AMS of the individual crystals involved. An additional complication occurs for samples containing a certain fraction of multi-domain magnetite, which contributes little to the NRM, but substantially increases magnetic susceptibility. In rare cases where the MD magnetite replaces the hematite lamellae, it has the same morphology and texture, and accordingly, may assume a shape anisotropy which has the same orientation as the original hematite anisotropy. This can be described by adding two constants, k mt, 1 and k mt, 3 , to the right-hand sides of both equations in (C13), which finally yields
where ξ 1 = k mt,1 /k 0 1 and ξ 3 = k mt,3 /k 0 1 are the relative susceptibilities of the magnetite fraction. If the magnetite occurs as independent isotropic mineral fraction, one simply has ξ 1 = ξ 3 and it contributes little to the AMS.
A P P E N D I X D : F I S H E R D I S T R I B U T I O N O F c -A X E S C O M PA R E D T O A M S
In Appendix C, we showed that there is a correlation between the Fisher distribution K of c-crystallographic axes in a crystal assemblage and the magnetic anisotropy of individual crystals. The deviation angle ψ is a function of K in Fig. C3 , and it is also a function of k 2 /k 3 (or k 1 /k 3 for circular distributions) as in Fig. 11 . An important outcome of these comparisons is to show that the ratio k 0 1 /k 0 3 of individual crystals is not large. A consequence of this is that a low anisotropy of the AMS can reflect a very strong Fisher distribution of c-axes. We have made a test of this by measuring the real distribution of c-axis orientations in samples Le7b and 36b by EBSD, and then calculating the AMS from these distributions using the single-crystal AMS data provided by single crystal #19 extracted from sample 36b.
For measurements of sample Le7b, in which a study was made of both polished surfaces of a 2.5 cm core slice, the number of c-axis orientations is over 22 000. For sample 36b, we retained the more limited number of 40 c-axis orientations to go with the excellent data from the single crystal. We did not obtain an individual single crystal from the Le7b assemblage and have used the 36b single-crystal data as a proxy to calculate a theoretical AMS from this assemblage. The fact that the calculated AMS based on the EBSD data (Table E1) is not very far from the AMS measured on sample Le7b suggests that the anisotropy of Le7b crystals is not greatly different from 36b crystals, even though they contain a stronger NRM. We are still not sure why the same construction using the more limited EBSD data from sample 36b indicates a higher anisotropy than was actually measured.
Fig . D1 shows the results related to the EBSD study with contoured lower hemisphere equal area diagrams based on the 22 112 and 40 individual measurements of c-crystallographic axes from Le7B (Fig. D1 a) and 36b (Fig. D1 b) , respectively, and corresponding a-axes. The maximum contour densities for c-axes are 25 and 22 times as dense as would be true for random distributions, indicating very strong but slightly differing LPOs of (0001) basal planes. Part C is a contoured lower hemisphere pole figure showing the intensity of magnetic susceptibility in all directions for crystal #19 from sample 36b. Parts D and E show how the single-crystal data of part C was used in conjunction with the EBSD data in a program of Mainprice (1990) to calculate a contoured diagram for the Le7b and 36b crystal assemblages, and also eigenvectors showing the predicted susceptibility in three directions. Table E1 contains the AMS input data for crystal #19 with its AMS ratios, the measured AMS ratios for samples 36b and Le7b, and the derived susceptibility data and AMS ratios based on the calculation procedure outlined by Mainprice (1990) .
A direct comparison of EBSD results for the distribution of hemoilmenite crystallographic c-axes in samples Le7b and 36b with estimations of K for each by two methods is shown in Fig. D2 . For the magnetic measurements, K is obtained by solving eq. (C10) for y and then K is solved numerically (Table E2) . From the EBSD measurements, K is obtained by solving eq. (C14) or (C15) for y, based on the results given in Fig. D1 and Table E1 , then again solving for K numerically (Table E3) . Table E1 results reflect the fact that the Mainprice (1990) program considers axis distributions as elliptically distributed on a hemispheric surface, whereas the histograms in Fig. D2 and the direct magnetic calculations consider a rotationally symmetric distribution about the average. For sample Le7b, 22 112 c-axes were measured. As shown in Fig. D2(a) , they are very inhomogenously distributed, and reflect the presence of two separate groups of crystals with different LPO's so that the mean c-axis orientation lies away from the centre of the major cluster (also reflected in the satellite peak in Fig. D1 a) . This inhomogeneity is reflected in the histogram. Here, the magnetically determined K = 13 (solid curve), corresponding to a presumed rotationallysymmetric distribution, represents a reasonable compromise, and the K = 29 (dashed curve) based on results from Fig. D1 and Table E3 suggests a tighter distribution. For sample 36b (Fig. D2 b) , only 40 more evenly distributed c-axes were determined. The histogram of deviation from the average axis corresponds reasonably to the magnetically estimated value of K = 9.78, whereas the value of K = 26.35 suggests a tighter distribution. We are still unsure as to why the distributions (dashed lines) for higher K, determined using EBSD data, are tighter than the distributions (solid lines) for lower K, determined using magnetic data. The magnetic data represent the entire sample, whereas EBSD data represent only measured crystals on two circular sample surfaces. However, this cannot explain the discrepancy between two different ways of presenting the EBSD results.
A P P E N D I X E : E VA L UAT I N G R E L AT I O N S H I P S B E T W E E N M E A S U R E D A N D C A L C U L AT E D P RO P E RT I E S O F N AT U R A L C RY S TA L A S S E M B L A G E S
Using equations in Appendix C, relating NRM and the AMS of generic assemblages of hemo-ilmenite platelets, properties of given assemblages of platelets were calculated, based on selected samples, where the properties change as a result of a different angle α of the statistical (0001) basal plane to the magnetizing field v. These properties were β, the angle the NRM makes with the magnetizing field v (Fig. 17) ; the NRM intensity in A m −1 (Fig. 18) ; and ψ, the angular deviation of the NRM from the statistical (0001) basal plane (Fig. 19) .
Calculated curves were based on the function y that derives from ψ and α according to eq. (C10) in Appendix C. Values of ψ and α and calculations of y are given in Appendix D, Table E2 for all samples in groups A and B and three others illustrated in the equal area diagrams of Fig. 13 .
Values of y and curves in Figs 17-19 are independent of the AMS except to the extent AMS was used to locate the statistical (0001) basal plane. The Fisher parameter K, as illustrated in Appendix C, Fig. C1 , can be calculated for individual values of y as illustrated Table E1 . Measured and calculated AMS data for samples 36b and Le7b.
Cryst. #19 Hargraves Calc. Fig. D1(e Hargraves (1959a) , in emu/cc. Correction to SI not used here. However, rough estimates were obtained from the mean of these numbers, and the results indicate that no magnetite is present in these samples. The ratios are reliable. 
Notes:
Example P: y calculated from ψ and α using eq. (C10). AMS not directly involved. k in Fig. C2 . Furthermore, the curves in Figs 17-19 are related to the angular distribution function K as has been illustrated in Appendix C, Fig. C3 , and values of K derived from y are listed in Table E2 . k 3 /k 1 and k 0 3 /k 0 1 can then be used in a derivative equation to calculate y leading to K, but the y value obtained is identical to the previous result, thus not listed in Table E2 . For convenience of comparisons, the values of k 3 /k 1 and k 0 3 /k 0 1 in Table E2 were also inverted to k 1 /k 3 and k (Table E1 ) and other typical samples with low susceptibility, k single-crystal values of 3.9-5.8, in samples 86a, Gr117a, Nwa221b, 85a and 214b. We note that such samples all contain at least a trace of magnetite, possibly in a shape fabric parallel to hemo-ilmenite (0001) planes as shown in Fig. 4 .
